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The utility of collisional quenching of energy donors in fluorescence energy transfer is described. 
In multi-donor single acceptor systems, which contain different classes of donors (as distinguished 
by their accessibility towards a collisional quencher), donor quenching may be used to assess the 
fraction of energy transfer from each class of donor. The tubulin-colchicine complex was used as a 
donor-acceptor system to show that two inaccessible tryptophans are at or near the colchicine bind- 
ing site. 
Tubulin (a heterodimer ap>, the major component of 
microtubules, binds the plant alkaloid colchicine, specifically 
and quasi-irreversibly at a single site and inhibits tubulin po- 
lymerization [l]. In spite of the intensive study of colchi- 
cine- tubulin interaction, there is no consensus about the lo- 
cation of the colchicine binding site on tubulin. Some studies 
have placed the colchicine binding site on the a subunit [2], 
some on the p subunit [3] and some at the interface [4]. 
Luduena and co-workers [5] have used cross linkers to cross- 
link two sulfhydryl groups which are at the colchicine bind- 
ing site. They have shown that these two sulfhydryl groups 
are protected from chemical modification by colchicine and 
its analogs and identified them as Cys239 and Cys354 of the 
p subunit [6, 71. 
One approach for localizing a binding site on a protein is 
to measure distances from fixed points in proteins by fluores- 
cence energy transfer. Colchicine, which is non-fluorescent 
in solution, fluoresces upon binding to tubulin [8]. Its excita- 
tion spectrum overlaps well with the emission spectrum of 
tryptophan, thus forming a good donor- acceptor pair. The 
presence of eight tryptophans in tubulin, however, makes it 
difficult to have even a qualitative assessment of the involve- 
ment of various tryptophan residues in energy transfer to 
bound colchicine. 
Donor quenching of fluorescence energy transfer has pre- 
viously been used to estimate distance distribution between 
a donor-acceptor pair [9]. In this experiment, a collisional 
quencher is used which quenches donor fluorescence causing 
a reduction in R ,  and hence energy transfer efficiency. A 
study with model peptide and protein with single indole and 
dansyl moieties has firmly established the feasibility of this 
approach [9]. In a multi-tryptophan protein, where classes of 
tryptophan residues differ in accessibility towards a colli- 
sional quencher, donor quenching may be used to assess the 
degree of energy transfer from different classes. We have 
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explored this concept in the colchicine-tubulin complex using 
acrylamide as the collisional quencher. 
EXPERIMENTAL PROCEDURES 
Materials 
Horse liver alcohol dehydrogenase (LADH), NADH and 
colchicine were purchased from Sigma Chemical Co. (St 
Louis, Mo, USA). The enzyme was dialyzed twice against 
0.1 M potassium phosphate pH 7.5 overnight at 4°C before 
use. Tubulin was prepared from goat brain by two cycles 
of temperature-dependent polymerization in Pipes assembly 
buffer (50 mM Pipes pH 6.9 containing 1 mM EGTA, 
0.5 mM MgC1, and 1 mM GTP), followed by two cycles of 
temperature-dependent polymerization in 1 M glutamate 
pH 7.0 containing 1 mM GTP [lo]. Podophyllotoxin was 
purchased from Aldrich Chemical Co. (Milwaukee, WI, 
USA) and was recrystallized five times from ethanol before 
use. Succinimide was of analytical grade and recrystallized 
from alcohol/water. Four-times-recrystallized acrylamide 
was purchased from Spectrochem (India). 5-12-(Iodoacety1)- 
aminoethyl]aminonaphthalene-1-sulfonic acid (IAEDANS) 
was purchased from Molecular Probes Inc. (Eugene, OR, 
USA). All other reagents were of analytical grade. 
Fluorescence methods 
All fluorescence experiments were done in a Hitachi F- 
3000 spectrofluorometer at ambient temperatures, unless 
mentioned otherwise. Donor quenching of LADH/NADH/ 
Me,SO complex was done with 5 pM LADH, 5 pM NADH 
in 0.1 M phosphate pH 7.5 containing 0.5% dimethylsulfox- 
ide (Me,SO). At those concentrations, most of the NADH 
and LADH is associated as a ternary complex (Kd = 0.1 pM) 
[ l l ] .  The excitation wavelength was at 295 nm and emissions 
at 340 nm and 525 nm were noted. The 525-nm emission 
was chosen for energy-transfer measurements because there 
is very little emission from direct excitation of tryptophan. 
The blank fluorescence values from a control containing 
758 
0.5 % Me,SO and appropriate concentrations of succinimide 
was subtracted from each value. 
Fluorescence experiments with colchicine-tubulin com- 
plex were done at 5 pM colchicine and 1 pM tubulin; 50 yM 
colchicine and 10 pM tubulin were incubated at 37°C for 
1 h. The complex was then diluted in 0.1 M Pipes pH 6.9 
containing 0.5 mM MgCl, to appropriate concentrations. The 
excitation wavelength was 295 nm and emission wavelength 
was 525 nm. All fluorescence values from quenching experi- 
ments were corrected for dilution and inner-filter effect. The 
formula used for the inner-filter effect was 
F,,,, = Fob$ - antilog [(A,, + A,,,,)/21 
Energy transfer efficiency, E, was calculated from excita- 
tion spectra using following equation [12] 
FD + ,/FA = 1 + &DCD/&ACA E 
where FD+& the fluorescence of the donor-acceptor (i.e. 
protein-ligand) complex, and FA is the fluorescence of the 
acceptor (in this case the ligand) only at the same wave- 
lenghts; E, is the absorption coefficient of the acceptor, E,, is 
the absorption coefficient of the donor and c, and cn are the 
concentrations of the acceptor and the donor respectively. 
Since free colchicine is not fluorescent in solution, FA, i.e. 
acceptor-only fluorescence, cannot be determined directly. 
The absorption spectrum of a fluorophore, however, is identi- 
cal to its excitation spectrum and can be substituted for its 
excitation spectrum. The absorption spectrum of the acceptor 
(i.e. the ligand) bound to the protein was taken as the excita- 
tion spectrum of the acceptor without donor. The absorption 
spectrum of the acceptor was obtained by subtracting the 
absorption spectra of the protein from that of the protein- 
ligand complex at the same protein concentrations. FA was 
calculated after normalizing and matching absorption and ex- 
citation spectra at 350nm. cdc, is assumed to be the frac- 
tional occupancy of the ligand. This was calculated from a 
Scatchard plot for binding of colchicine to tubulin (n  = 0.6). 
Such sub-stoichiometric binding of colchicine to tubulin is 
well known [8, 131. Absorption coefficients of tryptophan 
and colchicine at 295 nm were calculated as 2200 and 
3664 M-lcm-’ using the standard absorption coefficient val- 
ues from [14] and [15], respectively. 
The distance between colchicine and inaccessible trypto- 
phans of the tubulin was determined by the following equa- 
tion 
R = R, . (E-1- 1 ) ” b  
where R is the distance between donor and the acceptor, R ,  
is the distance where the energy transfer efficiency is 50% 
and E is the energy transfer efficiency. R, is given by: 
R, = (JK’Q~-“)’’~ . (9.79 X 10’) cm 
where J is a measure of spectral overlap (the overlap integ- 
ral), Q is the quantum yield of the donor, q is the refractive 
index and ti is the orientation factor. The overlap integral 
was calculated according to the method of Wu and Stryer 
[16]. Value of ti2 was taken for random orientation i.e. 2/3. 
The quantum yield of tryptophan was taken as 0.2 [12]. 
Chemical modification 
Tubulin (1.5 mglml) was incubated with a 10-fold molar 
excess of 2-methoxy-5-(2’,3’,4’-trimethoxyphenyl)tropone, at 
room temperature for 5 min. A 30-fold molar excess of N- 
ethylmaleimide was then added and the mixture incubated at 
4°C for 20 min in the dark. The reaction was then quenched 
with 2-mercaptoethanol (100-fold molar excess over N-ethyl- 
maleimide). The reaction mixture was then dialyzed against 
20 mM phosphate pH 7.0 for 2 h with four changes. The dia- 
lyzed solution was then divided into two equal parts. To one 
part 10-fold molar excess of IAEDANS and to another part, 
10-fold molar excess of iodoacetamide was added. The reac- 
tions were then incubated for 20 min at 4°C in the dark be- 
fore being loaded onto a Sephadex G-15 column (1 X 18 cm). 
The modified tubulin was eluted with 20 mM phosphate 
pH 7.0. Protein concentration was measured by the method 
of Lowry [17]. Incorporation ratio of IAEDANS-labeled tu- 
bulin was calculated using a molar absorption coefficient of 
6.3 X 10’ M-’cm-’ for IAEDANS at 337 nm [18]. MgClz 
was added before acrylamide quenching experiments to a 
final concentration of 0.5 mM. 
Theory 
We will refer to the collisional quencher, which quenches 
the fluorescence of the energy donor but not that of the ac- 
ceptor, as a donor quencher. The energy transfer efficiency 
of a donor-acceDtor uair in the absence of a donor quencher I I  
(EJ and in its presence ( E )  may be defined as 
k, E, = 
k, + k f  + kz + kt: 
and 
I k, E =  
k, + k,D + kP, + kz  + k,[Q] 
where k ,  is the rate constant for energy transfer, k,” is the rate 
constant for fluorescence of the donor, k: is the rate constant 
for the internal conversion of the donor, k: is the rate con- 
stant for the intersystem crossing of the donor, k, is the bimo- 
lecular rate constant for the collisional quenching of the do- 
nor and [Q] is the collisional quencher concentration. 
Combining Eqns (1) and (2), we obtain 
EJE = 1 f zn,~k,lQI (3) 
where zD, A is the lifetime of the donor in the presence of the 
acceptor, but in the absence of the donor quencher. 
If the energy transfer efficiency is measured at a fixed 
emission wavelength, where no significant fluorescence of 
the donor is seen, and at a fixed excitation wavelength, where 
the donor has substantial absorption, then in the absence of 
donor quencher [12] 
(4) 
where e>+, is the fluorescence of the donor-acceptor com- 
plex and PA is the fluorescence of the acceptor only, in the 
absence of donor quencher. E~ and cA are the absorption coef- 
ficient and concentration of the acceptor, respectively, and 
and cIt are the absorption coefficient and concentration of the 
donor, respectively. 
Since acceptor-only fluorescence is not affected in the 
presence of the donor quencher, then in the presence of the 
quencher 
EDCD 
l + -  . E, E + A  - ~- 
F A  EACA 
E (5) 
where FD+, is the fluorescence of the donor-acceptor com- 
plex in the presence of the quencher. 
ED CD ~- FA+A - 1 + ____. . 
P CACA 
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Combining Eqns (4) and ( 5 )  and simplifying, 
provided the acceptor is not quenched by the collisional 
quencher. 
Eqn (6) formally resembles the Stern-Volmer equation. 
Thus in a multi-donor, single-acceptor system, the equation 
may be recast in the form of a Lehrer equation [19]. 
FJ(F,-F) = + l/(L . Kav . [QI) 
where fa is the contribution of total fluorescence of the emis- 
sion which is quenched. 
A Lehrer plot of F"/(P-F) versus l/[Q], where emission 
and excitation wavelengths are chosen such that direct fluo- 
rescence of the donor is negligible compared to the energy 
transfer, would reveal the proportion of energy transfer from 
quenchable and non-quenchable donors. 
RESULTS AND DISCUSSION 
The utility of donor quenching of fluorescence energy 
transfer in estimating distance distribution and dynamics had 
been demonstrated by Gryczynski et al. [9]. They utilized 
systems which contain single donorlacceptor pairs. The situa- 
tions are more complex in multi-donodsingle-acceptor sys- 
tems, which are commonplace in natural macromolecules. 
We have studied horse liver alcohol dehydrogenase (LADH) 
and its ternary complex with NADH and Me,SO as a model 
system for donor quenching of fluorescence energy transfer 
in a multi-donorkingle-accpetor system. LADH is a dimer of 
identical subunits. Each subunit has two tryptophan residues, 
Trpl.5 and Trp 314, whose fluorescence properties have been 
thoroughly investigated [ l l ,  201. Trpl5 is accessible to colli- 
sional quenchers and Trp314 is completely buried and inac- 
cessible. In the ternary complex with NADH and Me,SO, 
the fluorescence energy transfer to bound coenzyme NADH 
occurs primarily, if not exclusively, from Trp314 [20]. It is 
thus anticipated that there will be very little donor quenching 
of tryptophan- NADH energy transfer. We have chosen suc- 
cinimide (which does not quench NADH fluorescence) as the 
collisional quencher, since the acceptor NADH fluorescence 
is quenched by the two commonly used collisional quench- 
ers, acrylamide and iodide. Fig. 1 shows the plot of P / F  
versus [ succinimide] for quenching of fluorescence energy 
transfer. The plot is absolutely flat, having zero slope, indi- 
cating no donor quenching of fluorescence energy transfer. 
The fluorescence energy transfer to bound coenzyme NADH 
causes quenching of tryptophan fluorescence. If Trp314 is 
mainly involved in energy transfer and consequent quench- 
ing, the residual emission of the LADWNADH/Me,SO com- 
plex, primarily coming from Trpl.5, should be quenchable to 
a greater extent than in the free enzyme. The inset shows the 
Lehrer plot of quenching of tryptophan fluorescence of free 
LADH and LADWNADH/Me,SO complex by succinimide. 
The intercept on the y-axis is 2.1 for the free enzyme and 
1.5 or the complex. The relative contribution of the Trp314 
emission to the total emission spectra of LADH at 340 nm 
decreases from 53% to 33%. This is fully consistent with 
a large energy transfer from and differential quenching of 
Trp314. 
Tubulin has eight Trp residues, some of which are inac- 
cessible to collisional quenchers [21]. Bane et al. [22] and 
Garland [23] have previously noted that binding of colchi- 
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Fig. 1. Donor quenching of tryptophan to NADH energy transfer 
of HLAD/NADH/Me2S0 complex by succinimide. The quenching 
was done in 0.1 M potassium phosphate pH 7.0 containing 5 pM 
LADH, 5 pM NADH, 0.5% Me,SO at 25°C. The excitation wave- 
lengh was 295 nm and the emission wavelength was 525 nm. The 
inset shows the Lehrer plot of quenching of free LADH (0) and 
LADH/NADWMe,SO complex (0) by succinimide. The conditions 
were the same as above, except the emisseion wavelength was 
340 nm. A = succinimide (quencher). 
300 330 360 390 420 450 
Fig. 2. Fluorescence emission spectra of 1 pM tubulin (I), colchi- 
cine-tubulin complex (1 pM/5 pM) (11) and the difference spectra 
(I11 = 1-11). The excitation wavelength was 295 nm. The solution 
conditions were 0.1 M Pipes pH 6.9 containing 0.5 mM MgCl, 
at 25°C. The inset compares the absorption spectrum of colchicine 
(-) with the excitation spectrum of colchicine-tubulin complex 
(- - -). The emission wavelength was 525 nm and rest of the condi- 
tions were as above. 
WAVE LENGTH (nm) 
cine leads to significant quenching of tryptophan fluores- 
cence. Fig. 2 shows the emission spectra of tubulin (I), tubu- 
lin-colchicine complex (11) and the difference sprectra (111), 
when excited at 295 nm. The emission maximum of the free 
protein (I) is at 336.8 nm. The tryptophan emission of the 
colchicine-tubulin complex (11) is significantly quenched 
compared to the free protein. The tryptophan emission maxi- 
mum of colchicine-tubulin complex shows a slight red-shift 
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Fig. 3. Donor quenching of fluorescence energy transfer of 1 pM 
colchicine-tubulin complex by acrylamide. The emission wave- 
length was 525 nm and the fluorescence was monitored at the excita- 
tion wavelength of 295 nm. The solution contitions were same as in 
Fig. 2. The inset shows the Lehrer plot of free 1 yM tubulin (0) and 
1 pM tubulin-colchicine complex (0). A = acrylamide (quencher). 
(337.4 nm). This indicates preferential quenching of trypto- 
phan residues that have shorter wavelength emission max- 
ima. The degree of quenching was estimated to be approxi- 
mately 35% at 340 nm, after making correction for the inner- 
filter effect. This value is similar to that obtained by Bane et 
al. [22]. 
The emission spectrum of tubulin-colchicine complex 
shows a higher intensity at wavelenghts longer than 400 nm, 
when compared to the tubulin-only spectrum. The long- 
wavelength component is likely to be due to either direct 
excitation of tubulin-bound colchicine or energy transfer 
from tryptophan to colchicine or both. The energy transfer 
efficiency was estimated by comparing the absorption 
spectrum of colchicine and the excitation spectrum of the 
tubulin-colchicine complex (see Experimental procedures). 
The superimposition of the absorption spectrum and excita- 
tion spectrum is shown in the inset. The calculated energy 
transfer efficiency is 2.8. For a single donor-acceptor pair, 
the maximum energy transfer efficiency (as given in Eqn 4) 
is 1. In the case of proteins, where an unknown number of 
tryptophan residues can participate as energy donors, the 
transfer efficiency can exceed 1 (since we use the molar ab- 
sorption coefficient of tryptophan and not that of the whole 
protein). Indeed, in cases where E exceeds 1, it may be taken 
as an evidence of energy transfer from more than one trypto- 
phan residue. 
We have used acrylamide as a quencher to study the do- 
nor quenching of the colchicine-tubulin complex. Acrylam- 
ide is a suitable collisional quencher in this case since it does 
not quench colchicine fluorescence in the colchicine-tubulin 
complex (data not shown). The inset of Fig. 3 shows the 
Lehrer plot of quenching of tryptophan fluorescence by acr- 
ylamide in tubulin and tubulin-colchicine complex. The tu- 
bulin-only plot is linear and cuts the y axis at 1.3. Thus, from 
the Lehrer plot, we estimate that approximately 25% of the 
tryptophan fluorescence in tubulin is not quenchable by acr- 
ylamide. The most likely interpretation is that two tryptophan 
residues out of eight are inaccessible. Donor quenching of 
fluorescence energy transfer from tryptophan to colchicine is 
shown in a Lehrer-type plot in Fig. 3. The extrapolated in- 
Fig, 4. Lehrer plot of acrylamide quenching of tubulin-podophyl- 
lotoxin (2 yM/4 yM) complex. The solution conditions were 0.1 M 
Pipes pH 6.9 containing 0.5 mM MgCl, at 25°C. The emission 
wavelength was 340 nm and the fluorescence values were recorded 
at the excitation wavelength of 295 nm. A = acrylamide (quencher). 
tercept value on the y axis is 3.3, indicating only 30% of 
the fluorescence energy transfer to colchicine occurs from 
tryptophans that are quenchable by low concentrations of 
acrylamide. It is thus anticipated that the tryptophans which 
are not quenchable by acrylamide should be quenched by 
energy transfer to colchicine to a much greater extent than 
the others. Thus, a Lehrer plot of quenching of tryptophan 
emission in the colchicine-tubulin complex should have an 
intercept close to 1. The inset shows the Lehrer plot of 
quenching of tryptophan emission of the colchicine-tubulin 
complex. In contrast to free tubulin (intercept 1.3), the col- 
chicine-tubulin complex yields an intercept of 1. 
If the two inaccessible tryptophans are contributing 70% 
of the energy transfer, then energy transfer efficiencies must 
be very high for both tryptophans (2.8X0.7 = 1.96). R, for 
energy transfer from tryptophan to colchicine is 2.8 nm. Al- 
though it is hard to obtain a precise distance estimate for 
such very high energy transfer efficiencies, it is likely that 
the distances between bound colchicine and the two trypto- 
phans are in the order of 1.0-1.5 nm or less. Although the 
precise size of the tubulin molecule is not known, one can 
calculate a diameter of approximately 6.5 nm, assuming that 
the tubulin molecule is a perfect sphere (assuming a partial 
specific volume of 0.73 cm’ g-’ and a molecular mass of 
110 kDa. Thus it is likely that both the tryptophan residues 
are situated very close to the colchicine binding site. 
To show that binding of colchicine is not changing the 
accessibilities of the tryptophans significantly, we have used 
the podophyllotoxin-colchicine complex as a control for the 
colchicine-tubulin complex. Podophyllotoxin is a colchicine 
analog that binds specifically to the colchicine binding site, 
reversibly [24]. Its binding constant is comparable to that of 
colchicine, i.e. 0.5 pM [25]. It lacks, however, the 340-nm 
absorption band of colchicine and is not fluorescent when 
bound to tubulin. Thus, its binding to the colchicine site is 
not expected to result in fluorescence energy transfer from 
tryptophan and consequent quenching of tryptophan emis- 
sion. Fig. 4 shows the Lehrer plot of quenching of tryptophan 
fluorescence of tubulin by acrylamide, in the presence of 
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Fig. 5. Lehrer plot of acrylamide quenching of 1 pM acetamido- 
tubulin (0) and 1 pM AEDNS-tubulin (0). Conditions were iden- 
tical to that of Fig. 4. 
4 pM podophyllotoxin. The plot is linear and when extrapo- 
lated cuts the y axis at 1.25. The Stern-Volmer constant (Ksv) 
derived from the slope of the plot is 3.5 as compared to 
3.3 for the free tubulin. This indicates that fluorescence and 
accessibility properties of the tryptophans remain unchanged 
in the podophyllotoxin-tubulin complex. To show that acr- 
ylamide is not affecting podophyllotoxin binding to tubulin, 
we have also measured podophyllotoxin binding to tubulin 
at 150 mM acrylamide by small ( 5 % )  -but reproducible 
quenching of the tryptophan fluorescence of tubulin. The re- 
sult indicated that podophyllotoxin binding to tubulin is not 
affected significantly up to 150mM acrylamide (data not 
shown). 
The conclusions reached above would be considerably 
strengthened if a verification by an independent method is 
demonstrated. Recently, Luduena and co-workers have de- 
monstrated that colchicine and its analogs protect two sulfhy- 
dryl groups from modification by sulfhydryl reagents [5 -71. 
They have concluded that these two sulfhydryl groups are at 
the colchicine binding site. If those two sulfhydryl groups 
could be labeled with a fluorescent probe whose absorption 
spectra overlap well with the emission spectra of tryptophan, 
then the two putative tryptophans at the colchicine binding 
site may be preferentially quenched. We have used a revers- 
ible analog of colchicine [26] [2-methoxy-5-(2’,3’,4’-trimeth- 
oxyphenyl) tropone], to protect the two sulfhydryl groups 
while modifying the rest with a non-fluorescent maleimide 
(N-ethylmaleimide). The colchicine analog was then re- 
moved by exhaustive dialysis and the remaining two sulfhy- 
dryl groups were labeled with IAEDANS. The excess reagent 
was then removed by gel filtration. A control experiment 
was done similarly, only iodoacetamide was used to label 
the protected sulfhydryl groups instead of IAEDANS. Fig. 5 
shows the Lehrer plot of the IAEDANS- and iodoacetamide- 
labeled tubulin. The intercepts on the y axis are 1.1 for 
IAEDANS-labeled tubulin and 1.4 for iodoacetamide-labeled 
tubulin. This indicates a preferential quenching of the buried 
tryptophans in the IAEDANS-labeled tubulin. Thus we may 
conclude that the sulfhydryls at the tubulin binding site are 
close to the two hidden tryptophans, reinforcing the conclu- 
sion that two buried tryptophans are at or near the binding 
site of colchicine. 
In conclusion, we have shown that donor quenching of 
fluorescence energy transfer may be used in multi-tryptophan 
proteins to detect the degree of energy transfer from different 
classes (classified according to accessibility towards a colli- 
sional quencher) of tryptophans. The method has been 
applied to a protein containing eight tryptophan residues, 
tubulin, to show that two inaccessible tryptophans are close 
to the colchicine binding pocket. 
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